Neurotransmitters contained in synaptic vesicles and secretory granules are released by exocytotic membrane fusion in response to an elevation of intracellular Ca 2+ . Soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins are considered to be the fusion machinery 1,2 . Q-SNAREs (syntaxin-1 and SNAP-25) localized in the plasma membrane assemble with an R-SNARE (synaptobrevin-2, also called VAMP-2) in the vesicle membrane, thereby bringing the vesicle and plasma membranes into proximity and initiating membrane merger 3 .
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VOLUME 22 NUMBER 10 OCTOBER 2015 nature structural & molecular biology a r t i c l e s Figure 1 High concentrations of Mg 2+ ions inhibit Ca 2+ -dependent and synaptotagmin-1-mediated fusion. (a) Lipid mixing between purified chromaffin granules (CG) and liposomes containing a stabilized Q-SNARE complex (Syx-SN25) 3 (details in Online Methods). The liposomes contained a standard mixture of membrane lipids including 10% PS, 1% PIP 2 , 1.5% NBD-PE and 1.5% Rho-PE. CG fusion is shown as a percentage of maximum donor fluorescence (total fluorescence) after addition of 0.1% Triton X-100. Syb, synaptobrevin-2; Syt1, synaptotagmin-1. (b) Dose-response curve of MgCl 2 on Ca 2+ -dependent CG fusion obtained from a. Percentage lipid mixing at 5 min after fusion reaction is normalized to control, basal fusion without any treatment of Mg 2+ or Ca 2+ (n = 3 independent experiments; range of values is indicated, lines within the boxes represent individual data points). (c,d) Binding of the C2AB fragment of synaptotagmin-1 (Syt 97-421 ) 31 to protein-free liposomes, measured by fluorescence anisotropy (with liposome lipid composition as in a except that the labeled lipids were omitted). Binding was triggered by addition of 100 µM free Ca 2+ at different concentrations of MgCl 2 . A.u., arbitrary units. (d) Dose-response curve of MgCl 2 on Ca 2+ -dependent C2AB binding. C2AB binding is plotted as a percentage of the maximum value induced by 100 µM Ca 2+ in the absence of Mg 2+ . Data in d are shown as mean ± s.d. from four independent experiments. The line in d shows the fit of experimental data with our mathematical model (details in Online Methods). Anisotropy and fusion assays were performed at normal ionic strength, i.e., 140 mM K + and 3 mM ATP.
exocytosis by Ca 2+ ions. Despite this emerging consensus, it has been very difficult to pinpoint the effect of synaptotagmin-1 binding on the SNARE conformational cycle and its relationship to membrane fusion. Both inhibitory and activating effects of synaptotagmin-1 on SNARE assembly have been postulated, but neither the nature of synaptotagmin-1-SNARE binding nor the effects of binding on SNARE function are understood at the molecular level.
Intriguingly, synaptotagmin-1 binding to both acidic phospholipids and SNARE proteins is highly sensitive to the presence of electrolytes, thus indicating that electrostatics plays a major role in these interactions. For instance, Ca 2+ -independent binding of synaptotagmin-1 to PIP 2 is decreased by Mg 2+ ions 24 . Moreover, we have recently shown that ATP and other polyphosphates, at physiological concentrations, decrease binding to acidic phospholipids 25 . Similarly, binding of synaptotagmin-1 to SNAREs and SNARE complexes, which has been investigated in many studies from different laboratories 26, 27 , appears to be exquisitely sensitive to the ionic strength of the medium and is scarcely detectable at physiological ion concentrations, for example, 150 mM NaCl or KCl 28, 29 .
For these reasons, we set out to shed light on the interactions of synaptotagmin-1 with SNARE proteins and membrane lipids in the presence of divalent and polyvalent ions in a physiologically relevant concentration range. Our data show that the affinity of synaptotagmin-1 for its binding partners is decreased by multivalent ions. Whereas Ca 2+ -dependent synaptotagmin-1 binding to PIP 2 -containing membranes persists at physiological concentrations of monovalent ions, Mg 2+ and ATP, synaptotagmin-1 binding to SNAREs is not measurable under these conditions, regardless of whether Ca 2+ is present or whether the SNAREs are embedded in a membrane containing acidic phospholipids. We conclude that synaptotagmin-1 triggering requires specific binding to acidic membrane lipids, particularly PIP 2 clusters at the base of SNARE proteins. However, our data do not support models involving a direct effect on SNARE zippering by synaptotagmin-1 binding to SNAREs.
RESULTS

PIP 2 shielding by Mg 2+ decreases Ca 2+ -dependent fusion
It is well established that binding of synaptotagmin-1 to the membrane lipid PIP 2 has an important role in Ca 2+ -dependent vesicle fusion 25, [30] [31] [32] . Because cations such as Mg 2+ electrostatically interact with the negatively charged head groups of PIP 2 (ref. 33 ) and decrease PIP 2 availability in the plasma membrane by shielding its negative charge 34 , we tested whether Mg 2+ interferes with the binding of synaptotagmin-1 during Ca 2+ -mediated enhancement of SNAREdependent vesicle fusion in vitro. To this end, we used an in vitro fusion assay involving fusion between purified chromaffin granules (CGs) containing endogenous synaptobrevin-2 and proteoliposomes containing a stabilized Q-SNARE acceptor complex (together with the acidic phospholipids 1% PIP 2 and 10% phosphatidylserine (PS)) 3, 25 . Ca 2+ at ~80-100 µM potently accelerated CG fusion (caused by an interaction between synaptotagmin-1 on CGs and PIP 2 in the acceptor liposomes 25 ), whereas inclusion of soluble synaptobrevin-2 (Syb 1-96 ) blocked the fusion, thus indicating that fusion is SNARE dependent (Fig. 1a) . Intriguingly, Mg 2+ inhibited Ca 2+ -dependent CG fusion in a dose-dependent manner, completely inhibiting Ca 2+ -dependent enhancement at 10 mM MgCl 2 (Fig. 1a,b) . This result correlates well with a former study showing that nonphysiologically high Mg 2+ concentrations (>5 mM) decrease Ca 2+ -dependent exocytosis in chromaffin cells 35, 36 .
To test whether the Mg 2+ effect is caused by an inhibition of synaptotagmin-1 binding to PIP 2, we monitored the binding of synaptotagmin-1 to the membrane at different Mg 2+ concentrations. We labeled a soluble fragment of synaptotagmin-1 including both C2 domains (residues 97-421, termed the C2AB fragment) with Alexa 
Fluor 488 so that the binding of the C2AB fragment to PIP 2 -containing liposomes resulted in an increase of fluorescence anisotropy due to a decrease in mobility (details in Online Methods). Mg 2+ at millimolar concentrations decreased Ca 2+ -dependent C2AB binding to PIP 2 -containing liposomes (Fig. 1c,d) , concordantly with results from the fusion experiments.
Biphasic regulation of CG fusion by Ca 2+
Electrostatic shielding is primarily determined by the valence and concentration of counterions 17, 18 , thus raising the possibility that not only Mg 2+ but also Ca 2+ at high, nonphysiological concentrations (millimolar range) shields PIP 2 . Ca 2+ promoted in vitro vesicle fusion, producing a maximal effect at a Ca 2+ concentration of ~80 µM (ref. 25) , and higher concentrations progressively decreased Ca 2+ -dependent fusion and caused complete inhibition at 10 mM, thus resulting in a bell-shaped dose dependence (Fig. 2a) . We observed a similarly biphasic response to Ca 2+ on exocytosis in chromaffin cells. We perfused cultured rat chromaffin cells with varying Ca 2+ concentrations by using patch electrodes and then carried out carbonfiber amperometry 37 . Increased free-Ca 2+ concentrations enhanced the spike frequency up to around 200 µM, and the frequency then declined and was abolished above 4 mM Ca 2+ (Fig. 2b) , thus verifying the biphasic effect of Ca 2+ on vesicle fusion. The inhibitory effect of high Ca 2+ concentrations was observable during the entire recording time after breaking through the membrane, excluding a burst-like, fast release at the beginning, associated with pool depletion.
To confirm that charge shielding of PIP 2 by elevated Ca 2+ concentrations decreases binding of synaptotagmin-1, we repeated the binding experiments shown in Figure 1c,d for Ca 2+ . We again observed a bell-shaped curve (Fig. 2c) . Intriguingly, C2AB binding declined only at concentrations above 1 mM, a result similar to the dose-response curve of Mg 2+ shown in Figure 1d but clearly different from the Ca 2+ dose response of fusion both in vitro and in chromaffin cells (Fig. 2a,b) . This discrepancy may be explained by considering that synaptotagmin-1 not only binds in trans to the PIP 2 -containing target membrane but also binds in cis, in a Ca 2+ -dependent manner, to acidic phospholipids in the vesicle membrane in which it resides 25 . Because we expected these two binding activities to compete with each other, we also measured binding of synaptotagmin-1 to CGs (Fig. 2d) . The result again showed a bell-shaped curve, but, as previously reported 25 , binding required higher Ca 2+ concentrations (above 0.5 mM), probably because the CGs do not contain PIP 2 . Even high concentrations of cations had no effect on the anisotropy signal in the absence of membranes (Supplementary Fig. 1a) .
Synaptotagmin-1 also binds to PIP 2 independently of Ca 2+ , as mediated by an electrostatic interaction with the positively charged polybasic region within the C2B domain of synaptotagmin-1 (refs. 11,24,30,38,39) . We therefore tested whether Ca 2+ -independent Supplementary Fig. 1b,c) . As expected, addition of liposomes containing 5% PIP 2 to labeled C2AB fragments resulted in binding ( Supplementary Fig. 2a-c) , which was mediated by the polybasic region. Importantly, high concentrations of MgCl 2 decreased Ca 2+ -independent C2AB binding to PIP 2 -containing liposomes in a dose-dependent manner ( Supplementary Fig. 2d,e) .
To better estimate the contribution of PIP 2 shielding by divalent cations, we built a mathematical model (details in Online Methods) that considers the accumulation of divalent cations due to the local potential generated by PIP 2 and the resulting decrease of free PIP 2 available for synaptotagmin-1 binding. This model can successfully fit trans and cis interactions of the C2AB fragment (Figs. 1d and 2c,d ) at different Mg 2+ and Ca 2+ concentrations, thus supporting our hypothesis that divalent cations at millimolar concentrations electrostatically shield PIP 2 . The model indicates that the fusion rate drops between 100 µM and 1 mM Ca 2+ because of the substantially increased inhibitory cis interaction (Fig. 2d) , and fusion continues to decrease between 1 and 10 mM Ca 2+ , as a result of both increased cis binding and decreased trans binding of synaptotagmin-1 (Fig. 2c,d) .
Finally, our hypothesis predicts that cations with higher charge density than divalent cations are more effective in shielding the negative charges of PIP 2 . In fact, spermine (+4) as well as neomycin (+6) inhibited Ca 2+ -triggered exocytosis at lower concentrations than did divalent cations (Supplementary Fig. 3a,b) . The only deviation from the model was the observation that Ca 2+ -triggered exocytosis was higher with 15 mM Mg 2+ than 1 mM Mg 2+ (Supplementary Fig. 3b ). We consider this unexpected result in the discussion.
Together, the data show that the activity of synaptotagmin-1 can be modulated by divalent cations, as can be readily explained by the charge-shielding effect of these cations on acidic phospholipids including PIP 2 . Our previous observations 25 have shown that polyanions such as ATP also inhibit synaptotagmin-1 binding to acidic membrane lipids (mainly PS), although Ca 2+ -dependent binding to PIP 2 persists. Thus, charge shielding by polyvalent ions affects both binding partners: acidic membrane lipids, particularly PIP 2 , are shielded by divalent cations, whereas the polybasic region of synaptotagmin-1 is shielded by polyvalent anions including ATP. In confirming the latter, we also showed that ATP indeed Relative probability Relative probability 
Ion dependence of synaptotagmin-1 binding to SNAREs
Synaptotagmin-1 binding to SNARE proteins is considered to be at least as relevant for triggering exocytosis as its binding to membrane lipids. Again, synaptotagmin-1 SNARE binding has previously been shown to be sensitive to salt concentration 28, 29 , thus suggesting that it is primarily driven by electrostatic interactions between basic residues of synaptotagmin-1 and acidic residues of SNAP-25 and syntaxin-1A that are exposed on the surface of the SNARE complex, a notion that has recently been confirmed and extended by NMR experiments and modeling 23 . However, the extent to which the SNAREsynaptotagmin-1 interaction is preserved under physiological ionic conditions (i.e., in the presence of monovalent as well as divalent and polyvalent ions, such as Mg 2+ and ATP), as well as the affinity of this interaction, had previously not been determined. For this reason, we investigated how the interaction between synaptotagmin-1 and SNAREs is affected by Mg 2+ -ATP. First, we used double electron-electron resonance (DEER) 40, 41 to characterize the association between synaptotagmin-1 and the SNARE complex in solution, using spin-labeled variants of the C2AB domain and a ternary SNARE complex lacking the membrane-anchor domains. We generated three single-cysteine mutants of the syntaxin-1A H3 segment and nine mutants of a soluble fragment of C2AB fragment to introduce a single spin-labeled side chain (R1), thereby producing 27 different spin pairs for the C2AB-SNARE complex (Fig. 3a) . Under normal ionic-strength conditions (140 mM KCl and 12 mM NaCl, pH 7.2) without polyvalent ions, the dipolar interactions between spin pairs were weak, and the distance distributions were highly heterogeneous, yielding distance distributions that differed by 30 Å or more. These data indicate that there are multiple binding modes for the C2AB-SNARE complex that primarily involve the C2B domain and the C-terminal end of the SNARE complex ( Fig. 3b and Supplementary Fig. 5a ). Available models of this interaction from single-molecule FRET 28 and molecular dynamics (MD) simulation 23 capture the extremes in the distributions ( Fig. 3b and Supplementary  Fig. 5a,c) , but even the multiple MD models fail to capture the structural heterogeneity seen in DEER. When Mg 2+ -ATP at physiological concentrations [42] [43] [44] (2 mM) was added, the already weak intramolecular dipole signal was virtually eliminated, thus indicating that the heterogeneous interaction between synaptotagmin-1 and the SNARE is prevented by charge shielding of basic residues in the C2B domain (Fig. 3c) . As a control, R1 spin labels within the SNARE complex yielded strong dipolar interactions and distances that matched predictions based on the structure (Supplementary Fig. 5b) .
The experiments described above were carried out with soluble protein fragments, and it is conceivable that binding could be enhanced when the SNAREs are anchored in the membrane. Therefore, we prepared liposomes containing a membrane-anchored ternary SNARE complex, using SNAP-25A labeled with Texas Red at the position 130C. We labeled the C2AB fragment (Syt 97-421 ) with Alexa Fluor 488 at 342C, close to the polybasic region of the C2B domain 31 , thus allowing for monitoring of binding by FRET (Fig. 4a-d) . In the first set of experiments, no acidic phospholipids were incorporated into the liposomes. When we mixed these liposomes with the labeled C2AB fragment in a low-ionic-strength buffer (50 mM KCl), donor emission was quenched and enhanced by 1 mM Ca 2+ (Fig. 4a) , thus confirming that under such conditions direct binding does occur, concordantly with previous reports 19, 20, 28, 29, 45, 46 . In contrast, binding was dramatically decreased when we carried out the experiment at a KCl concentration of 150 mM, regardless of whether the ternary SNARE complex (Fig. 4b) or syntaxin-1A ( Supplementary Fig. 6a-d) was incorporated, again in agreement with previous reports 28, 29 .
Addition of Mg 2+ and ATP at moderate concentrations (1 mM and 3 mM, respectively) completely abolished the interaction of the C2AB fragment with the SNARE complex at 50 mM KCl (Fig. 4c,d) , and this did not change when we used syntaxin-1A instead of a ternary SNARE complex (Supplementary Fig. 6a-d) . Binding was not restored by the addition of 1 mM Ca 2+ (Fig. 4d and Supplementary Fig. 6c,d) . Similarly, addition of purified complexin II, which is thought to modulate synaptotagmin-1-SNARE interactions failed to restore binding ( Supplementary  Fig. 6e-h) . To exclude the possibility that binding does occur but is Fig. 7a ).
Although the results above show that synaptotagmin-1 does not bind to SNARE complexes under physiological ionic conditions, we cannot exclude that synaptotagmin-1 binding to membranes containing acidic phospholipids and PIP 2 results in a high local concentration and/ or a preferred orientation in the vicinity of membrane-anchored SNAREs, thus facilitating SNARE binding. To test this possibility, we reconstituted the SNARE complex in liposomes containing 10% PS and 1% PIP 2 (Fig. 5) . Ca 2+ induced a FRET signal between synaptotagmin-1 and the SNARE complex (Fig. 5a) . This FRET signal could result from either direct binding of C2AB to SNAREs or their proximity (without direct binding) due to the recruitment of C2AB to PIP 2 surrounding syntaxin-1A clusters 12 . To differentiate between these possibilities, we carried out a competition experiment in which either excess soluble unlabeled SNARE complex or excess protein-free liposomes containing PS and PIP 2 were added after induction of the Ca 2+ -dependent FRET signals. Whereas addition of protein-free liposomes reversed the FRET signals in a dosedependent manner, we observed no effect with addition of SNARE complexes (Fig. 5b) . These data suggest that synaptotagmin-1 does not directly bind to the surface of SNARE complexes but instead binds to PIP 2 -containing acidic membranes in the vicinity of SNAREs. To further confirm this, we compared the binding kinetics of synaptotagmin-1 to PS-and PIP 2 -containing liposomes that either contained SNARE complexes or were free of protein, in the presence of 100 µM Ca 2+ and physiological ionic concentrations, i.e., 150 mM KCl, 1 mM MgCl 2 and 3 mM ATP. If the SNARE complexes contribute to the membrane recruitment of C2AB to the PIP 2 -containing membrane, an enhancement of the binding rate would be expected. We measured binding kinetics by FRET between the C2AB fragment and a labeled membrane lipid (rhodamine-phosphatidylethanolamine, Rho-PE), with a stopped-flow setup (Fig. 6a) . We found no difference between the two sets of liposomes (Fig. 6b,c) , thus demonstrating that the presence of SNAREs does not contribute to the membrane binding of C2AB. To rule out that membrane-anchored fulllength synaptotagmin-1 behaves differently with respect to SNARE binding, we reconstituted synaptotagmin-1 into liposomes and estimated binding by monitoring docking between the two vesicle populations by using fluorescence cross-correlation spectroscopy 47 . Again, binding to SNARE-containing liposomes devoid of acidic lipids decreased to near-background levels in the presence of physiological salt concentrations and Mg 2+ -ATP, both in the absence and Fig. 7b,c and ref. 47) . We conclude that synaptotagmin-1 binds to membranes containing acidic lipids but not to SNAREs in a physiological ionic environment.
DISCUSSION
In this study, we investigated the electrostatic nature of synaptotagmin-1 binding to membranes and SNARE proteins in a physiological ionic environment. In the absence of Ca 2+ , binding to both SNAREs and membranes was abolished. In the presence of Ca 2+ , synaptotagmin-1 specifically bound to PIP 2 -containing membranes, thus suggesting that this interaction is likely to be mainly responsible for triggering exocytosis. Our results confirm the notion that synaptotagmin-1 operates as an electrostatic switch, as was first proposed by Rizo and colleagues 48 . The electrostatic component clearly dominates membrane binding both in the absence and the presence of Ca 2+ ; the latter is supported by the fast kinetics of synaptotagmin-1 binding and unbinding (A.P.-L., A.T., S.B., P.H.,
M.T. et al., unpublished data).
Binding of synaptotagmin-1 to membranes is governed by longrange Coulombic interactions that are modulated both by the ionic strength of the medium and by the absorption of cations to the interface. This charge shielding by the counterions of PIP 2 depends on the local potential generated by PIP 2 , bulk concentrations of the counterions and the ionic strength of the solution, as predicted by our mathematical modeling (Supplementary Fig. 7d and Supplementary  Table 1) . Importantly, the intracellular concentrations of divalent and polyvalent ions are in a range at which shielding is just beginning to become substantial: cations including spermine (+4) are in the millimolar range 49 , free Mg 2+ ranges between 0.5 and 3 mM (refs. 43, 44) , and intracellular ATP concentrations range between 1 and 10 mM (ref. 42 ). This agrees well with our observation that spermine and neomycin (+6) suppressed exocytosis in chromaffin cells at lowmillimolar concentrations (Supplementary Fig. 3b) . Intriguingly, the only exception is Mg 2+ (Supplementary Fig. 3b) . We consistently observed increased exocytosis even with 15 mM Mg 2+ , which abolished C2AB-PIP 2 binding and vesicle fusion in vitro. Currently the reason for this is not clear, but it is conceivable that one or several steps preceding vesicle exocytosis in intact cells are promoted by millimolar concentrations of Mg 2+ , thus compensating for the shielding effect.
Our data show that the affinity of the synaptotagmin-1-SNARE interaction is decreased beyond detection at physiological ionic conditions, thus calling its physiological relevance for regulating exocytosis into question. Several structural models based on NMR 50 , pseudocontact shifts and MD simulations 23 , mass spectrometry 51 and single-molecule FRET 28 have been proposed, and these models have revealed quite different views of the predicted conformational structure of the complex. For the NMR and MD-based models, there is close association between the charged polybasic face of C2B and the SNARE complex, but for the FRET-based model it appears that regions opposite the membrane-binding loops are in contact with the SNAREs. Importantly, our DEER data support that the interactions between synaptotagmin-1 and SNAREs are heterogeneous and nonspecific ( Fig. 3b and Supplementary Fig. 5a ). First, in every case the distributions are extremely broad. These data indicate that a single structure does not exist for the synaptotagmin-1-SNARE interaction and that there is probably a configuration in which the polybasic face of C2B approaches close to the SNAREs as well as other configurations in which it does not. Second, addition of Ca 2+ produces only slight changes in the distributions and does not substantially alter the complex that is formed. Third, a direct comparison between the predictions of the FRET-based model 28 , the MD-based models 23 and the distributions observed by EPR can be made ( Fig. 3b and  Supplementary Fig. 5 ). In general, distances predicted by the FRET-based model 28 capture the long-distance end of the DEER distance distribution, whereas the MD-based models often reproduce the shorter end of the distribution. Finally, these DEER data are completely consistent with those from an earlier study using continuous-wave EPR, thus indicating that the synaptotagmin-1-SNARE interaction is structurally heterogeneous 52 and also explaining why pseudocontact shifts for C2B bound to Dy 3+ -labeled SNAREs are highly averaged 23 . We conclude that the interaction of synaptotagmin-1 with the surface of the SNARE complex is predominantly electrostatic. The association of these proteins may be dominated by one conformation under certain low-ionic-strength conditions; however, this does not appear to take place at equilibrium under more normal conditions. It is hard to imagine that such a low-energy synaptotagmin-1-SNARE interaction has any major influence on SNARE zippering and thus on the kinetics of exocytosis 53 .
Synaptotagmin-1 binding activities were measurable at different ionic conditions in the absence and presence of Ca 2+ (Fig. 7) . Clearly, the only Ca 2+ -triggered binding event that has high affinity Figure 7 Cartoon summarizing the interactions of synaptotagmin-1 with SNAREs and PIP 2 -containing membranes under different ionic conditions. The thickness of the arrows indicates the strength (affinity) of the interaction. For clarity the PIP 2 clusters are depicted as being separated from the SNARE complexes, although this is probably not the case. The SNARE complexes are shown without synaptobrevin-2 for simplicity. npg a r t i c l e s under physiological ionic conditions, and might contribute sufficient energy to overcome activation-energy barriers, is to PIP 2 -containing membranes. In the absence of Ca 2+ , synaptotagmin-1 binding seems to occur only at high PIP 2 concentrations (higher than 5%) 11 , and we also observed decreased but measurable binding at high PIP 2 concentrations under physiological ionic conditions (data not shown). Given that PIP 2 forms microdomains in which PIP 2 is highly enriched (up to 84%) 12 , and does so preferentially at the base of SNARE complexes, it is conceivable that substantial Ca 2+ -independent binding takes place at such PIP 2 microdomains.
In summary, our data demonstrate that electrostatic-charge shielding by cations, multivalent cations and ATP profoundly interferes with the various binding activities of synaptotagmin-1, thus explaining why the binding properties of synaptotagmin-1 reported in the literature are highly variable. Importantly, our data do not support an interaction of synaptotagmin-1 with SNARE proteins at physiological ionic conditions regardless of whether Ca 2+ is present, thus suggesting that PIP 2 interaction is the physiologically relevant binding event. This leaves two possibilities for the synaptotagmin-1-mediated trigger event of exocytosis.
The first possibility is that binding could perturb the local lipidic environment, thus decreasing the energy barrier that must be overcome for membrane merger. Such perturbation could be mainly confined to the membrane surface, or the molecule could penetrate deeper into the hydrophobic core of the bilayer. At the surface, synaptotagmin-1 may alter the local distribution of charged lipids (demixing) 54 at the base of the SNAREs, and this effect could be enhanced by Ca 2+ . Such a mechanism would be in accordance with the primarily electrostatic nature of binding. However, side chains of membranebound synaptotagmin-1 have previously been shown to establish hydrophobic interactions with the bilayer core, with tryptophan residues 'snorkeling' at the hydrophilic-hydrophobic boundary 30 , and this may have effects on overall bilayer structure. Indeed, synaptotagmin-1, at least when added at saturating concentrations, has been shown to deform membranes by inducing local curvature stress 55, 56 , which causes exocytosis triggering in several models (for example, ref. 57) .
The second possibility is that synaptotagmin-1 could trigger exocytosis by shortening the distance between the membranes, thus triggering SNARE nucleation and/or zippering. This view is supported by the observation that synaptotagmin-1 is capable of cross-linking membranes and that the membrane distance is shortened upon Ca 2+ binding 58 . The latter concept has recently been challenged by the topology of docked and primed synaptic vesicles, as measured by high-pressure freezing and cryo-EM tomography 59 , because the distance between the vesicle and plasma membrane has been found to be below 2 nm, thus leaving little room for further shortening. Clearly, more work will be required for the mechanism of calcium triggering by synaptotagmin-1 to be unraveled.
METHODS
Methods and any associated references are available in the online version of the paper. Protein purification and protein labeling. All SNARE and C2AB constructs were based on Rattus norvegicus sequences, expressed in Escherichia coli strain BL21(DE3), and purified by Ni-NTA affinity chromatography and subsequent ion-exchange chromatography. The stabilized Q-SNARE acceptor complex consisting of syntaxin-1A (aa 183-288), SNAP-25A (aa 1-206, no cysteine), and a C-terminal synaptobrevin-2 fragment (aa 49-96) was purified as previously described 3 . The Q-SNARE complex containing full-length syntaxin-1A (1-288) and SNAP-25A (no cysteine) was purified after coexpression 25, 61 . The Q-SNARE complex and stabilized Q-SNARE complex were purified by ion-exchange chromatography on a Mono Q column (GE Healthcare) in the presence of 50 mM n-octyl-β-d-glucoside. The C2AB fragment of synaptotagmin-1 (97-421) and the KAKA mutant (K326A K327A) were purified by a Mono S column (GE Healthcare), as described previously 31, 62 . Point-mutated C2AB (S342C) was labeled with Alexa Fluor 488 C5 maleimide 31 . A single-cysteine SNAP-25A mutant (Cys130) was labeled with Texas Red C5 bromoacetamide. The ternary SNARE complex consisting of syntaxin-1A (183-288), labeled SNAP-25A (Cys130), and synaptobrevin-2 (1-96) was purified on a Mono Q column (GE Healthcare). Soluble unlabeled ternary SNARE complex comprised syntaxin-1A (183-262), SNAP-25A (no cysteine), and synaptobrevin-2 (1-96). Syntaxin-1A (1-288) monomer was labeled with Alexa Fluor 594 C5 maleimide at T197C. Protein structures were visualized with PyMOL (http://www.pymol.org/) (PDB 1BYN for C2A, 1K5W for C2B, 1KIL for complexin, 3C98 for syntaxin-1A, and 1SFC and 3IPD for the SNARE complex).
Preparation of proteoliposomes.
The lipid composition of liposomes (molar percentages) containing the Q-SNARE complex consisted of 45% PC (l-α-phosphatidylcholine), 15% PE (l-α-phosphatidylethanolamine), 10% PS (l-α-phosphatidylserine), 25% cholesterol (chol), 4% PI (l-α-phosphatidylinositol), and 1% PIP 2 . In the case of increasing PIP 2 concentrations, PI contents were decreased accordingly. For FRET-based lipid-mixing assays, 3% PE was replaced with 1.5% 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD-DOPE) and 1.5% 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-lissamine rhodamine B sulfonyl ammonium salt (rhodamine-DOPE) as a donor and an acceptor dye, respectively. Incorporation of the Q-SNARE complex into large unilamellar vesicles (LUVs) was achieved by OG (n-octyl-β-d-glucoside)-mediated reconstitution with a protein-to-lipid molar ratio of 1:500, as previously described 25 .
Lipid-mixing assay. CG fusion in vitro was monitored with a lipid-mixing assay at 37 °C in 1 ml of buffer containing 120 mM K-glutamate, 20 mM K-acetate, 20 mM HEPES-KOH, pH 7.4, and 3 mM 2Na-ATP. MgCl 2 was added as indicated in the legends. 50 µg CGs and proteoliposomes containing NBD-DOPE and rhodamine-DOPE as a donor and an acceptor dye, respectively, were incubated, and lipid mixing led to dequenching of donor fluorescence (NBD) as a result of lipid dilution with unlabeled vesicle membrane 25, 63 . Free-Ca 2+ concentrations in the presence of ATP and Mg 2+ were calibrated with the Maxchelator simulation program (http://maxchelator.stanford.edu/). Dequenching of the donor fluorescence (NBD) was measured with a Fluoromax spectrofluorometer (Horiba Jobin Yvon) with wavelengths of 460 nm for excitation and 538 nm for emission. Dequenching of the donor fluorescence was normalized as the percentage value of the maximum donor fluorescence induced by detergent treatment with 0.1% Triton X-100 at the end of fusion reactions.
Fluorescence anisotropy measurements. Wild-type and KAKA-mutant versions of the C2AB fragment (20 nM, S342C) were labeled with Alexa Fluor 488 (ref. 31) . Anisotropy measurements were carried out in a Fluorolog 3 spectrometer (model FL322, Jobin Yvon) at 37 °C in 1 ml of buffer containing 120 mM K-glutamate, 20 mM K-acetate, and 20 mM HEPES-KOH, pH 7.4. MgCl 2 and ATP were added where indicated in the figure legends. The excitation wavelength was 495 nm, and emission was measured at 520 nm. The lipid composition was identical to that used in fusion assays except for labeled PE (45% PC, 15% PE, 10% PS, 25% chol, 4% PI, and 1% PIP 2 ).
Fluorescence resonance energy transfer (FRET).
Wild-type and KAKA-mutant versions of C2AB (9 nM, S342C) were labeled with Alexa Fluor 488 as a donor dye. Alexa Fluor 647-labeled ATP or BODIPY TR-labeled ATP was used as an acceptor. Donor fluorescence was measured with Fluoromax (Horiba Jobin Yvon) with an excitation wavelength of 495 nm in 120 mM K-glutamate, 20 mM K-acetate, and 20 mM HEPES-KOH, pH 7.4. For binding experiments involving the SNARE complexes, SNAP-25A (Cys130) was labeled with Texas Red, or syntaxin-1A (Cys197) was labeled with Alexa Fluor 594. Incubations were carried out in 20 mM HEPES-KOH, pH 7.4, containing either 50 mM or 150 mM KCl. Liposomes containing the SNARE proteins, e.g., in the case of anionic phospholipids, were composed of 45% PC, 15% PE, 10% PS, 25% chol, 4% PI, and 1% PIP 2 , a composition identical to that used in fusion assays except for labeled PE.
Isolation and culture of rat adrenal chromaffin cells. Animal care followed the University of Washington Animal Medicine guidelines. Adrenal glands were isolated from 5-to 8-week-old male Sprague Dawley rats euthanized by CO 2 . Medullae were prepared by removing the cortices of rat adrenal glands in icecold Hank's balanced salt solution (HBSS) with 0.1% BSA and 10 mM HEPES. The medullae were cut into small pieces and incubated with 4 mg/mL collagenase type I (Sigma) for 25 min and 0.05% trypsin-EDTA (Invitrogen) for 20-30 min at 37 °C to dissociate single chromaffin cells. The loose medulla tissue was triturated by gentle pipetting and suspended in culture medium DMEM containing 10% FBS and 2% penicillin/streptomycin solution. The cell suspension was centrifuged at 1,200 r.p.m. for 4 min at room temperature (22-25 °C) . The collected cells were resuspended in culture medium and plated on glass coverslips coated with poly-l-lysine. After 2 h, fresh culture medium was added, and the cells were maintained at 37 °C in a 5% CO 2 incubator. Exocytosis was measured 1 or 2 d after cell preparation 64 .
Dual-recording of carbon-fiber amperometry and whole-cell patch-clamping. Recordings of both carbon-fiber amperometry and whole-cell patch-clamping were simultaneously performed on the same cell. Exocytosis was measured as pulses of electric current generated by oxidation of the molecules from single secretory vesicles at the tip of a carbon-fiber electrode polarized to +400 mV. Carbon-fiber microelectrodes were fabricated with 11-µm carbon fibers and polypropylene 10-µl micropipette tips and backfilled with 3 M KCl 37 . The amperometric current signals were recorded with an EPC 9 patch-clamp amplifier with PatchMaster software (HEKA Elektronik), filtered at 0.1 kHz, and sampled digitally at 0.5 kHz.
Whole-cell patch configuration was achieved with an EPC 9 patch-clamp amplifier. Patch electrodes had a DC resistance between 3 and 5 MΩ when filled with internal solution. Bath solution (Ringer's) consisted of 137.5 mM NaCl, 2.5 mM KCl, 1 mM MgCl 2 , 2 mM CaCl 2 , 10 mM glucose, and 10 mM HEPES (with pH adjusted to 7.3 with NaOH). The pipette solutions contained the following: 50 µM free-Ca 2+ internal solution (free Ca 2+ was estimated with Maxchelator simulation program), 105 mM K-glutamate, 15.7 mM CaCl 2 , 15 mM EGTA, 1 mM MgCl 2 , 5 mM Na 2 -ATP, 0.3 mM Na 2 -GTP, and 10 mM HEPES; 200 µM free-Ca 2+ internal solution, 105 mM K-glutamate, 17.16 mM CaCl 2 , 15 mM EGTA, 1 mM MgCl 2 , 5 mM Na 2 -ATP, 0.3 mM Na 2 -GTP, and 10 mM HEPES; 1 mM free-Ca 2+ internal solution, 100 mM K-glutamate, 19.43 mM CaCl 2 , 15 mM EGTA, 1 mM MgCl 2 , 5 mM Na 2 -ATP, 0.3 mM Na 2 -GTP, and 10 mM HEPES; 4 mM free-Ca 2+ internal solution, 95 mM K-glutamate, 23.17 mM CaCl 2 , 15 mM EGTA, 1 mM MgCl 2 , 5 mM Na 2 -ATP, 0.3 mM Na 2 -GTP, and 10 mM HEPES; and 15 mM free-Ca 2+ internal solution, 80 mM K-glutamate, 34.62 mM CaCl 2 , 15 mM EGTA, 1 mM MgCl 2 , 5 mM Na 2 -ATP, 0.3 mM Na 2 -GTP, and 10 mM HEPES. All pipette solutions were adjusted to pH 7.2 with KOH and calibrated for free Ca 2+ with a calcium ion-selective electrode (Thermo Electron Corporation). A patch pipette was positioned on the opposite side of the cell from the carbon fiber.
Amperometric signals were recorded for 12 min after the formation of the whole-cell configuration with a holding potential of −60 mV, and the recordings were semiautomatically analyzed with software written in Igor (WaveMetrics). The rate of exocytosis was defined as the number of amperometric spikes per minute, and the average rate of exocytosis obtained during 3 min was determined between 5 and 8 min after formation of a whole-cell configuration, i.e., at the start of perfusion of the pipette solution into the cytoplasm. Experiments were performed at room temperature with a holding potential of −60 mV.
Stopped-flow spectroscopy. Kinetic experiments were carried out on an Applied Photophysics SX.20 stopped-flow spectrophotometer at 37 °C in 150 mM KCl, 20 mM HEPES, pH 7.4 with KOH, 1 mM MgCl 2 , and 3 mM ATP plus 100 µM free Ca 2+ . Different concentrations of C2AB labeled with Alexa Fluor 488 at S342C were mixed with equal volumes of Rho-PE-containing liposomes (consisting of 49% PC, 13% PE, 10% PS, 25% chol, 1% PIP 2 , and 2% rhodamine-DOPE) at 500 µM under pseudo-first order conditions. The excitation wavelength was set at 495 nm, and a 590 nm-cutoff filter was used to collect data at the fluorescence emission of rhodamine. The resulting time courses were fit to a singleexponential function: EPR spectroscopy. Proteins (synaptotagmin and syntaxin) were spin-labeled with a ten-fold excess of the sulfhydryl-reactive spin label (1-oxyl-2,2,5,5,-tetramethylpyroline-3-methyl methanethiosulfonate), as described previously 7 . Double electron-electron resonance (DEER) was performed with a Bruker Elexsys E580 EPR spectrometer fitted with a standalone Q-band bridge with an EN5107D2 dielectric resonator. Measurements were made on approximately 10-15 µL of sample that was loaded into quartz capillaries (2.0 mm ID × 2.4 mm OD) and flash frozen in a dry ice/isopropanol bath. DEER data were acquired with a four-pulse sequence 65 with 16-and 32-ns π/2 and π observation pulses, respectively, and a 32-ns π pump pulse. The pump frequency was positioned to the maximum of the nitroxide spectrum, and the observation frequency was offset 17-20 MHz lower than the pump frequency. The dipolar evolution data were processed and distance distributions determined with Tikhonov regularization in the DeerAnalysis2013 package 60 . This program contains an error-analysis routine that was used to assess the error introduced by subtraction of the intermolecular background form factor from the primary data.
The spin-labeled side chain, R1, was attached to sites within the core SNARE complex and in C2AB. The core SNARE complex included SNAP-25A (full length, no cysteine), syntaxin-1A (180-253) and synaptobrevin-2 (1-116) 66 . The distributions were calculated from a DFT-based rotamer library 67 with MMM 68 .
Liposome coflotation assay. Small liposomes (small unilamellar vesicles, 40 nm in diameter, 80% PC and 20% PE), which contained the SNARE complex consisting of full-length syntaxin-1A (1-288), SNAP-25A, and soluble synaptobrevin-2 (aa 49-96), were incubated with the C2AB fragment of synaptotagmin-1 (97-421). Liposomes containing the SNARE complex float up to the buffer fraction through the gradient, owing their buoyancy. C2AB, which binds to the SNARE complex, cofloats to the buoyant density together with liposomes, whereas free C2AB remains in the gradient. The samples (30 µl) were mixed with sucrose (80%, 30 µl), and a second sucrose layer (30%, 40 µl) and then another layer of buffer (30 µl) were gently applied. The density gradient was centrifuged with a Beckman TL-100 ultracentrifuge (TLS55 rotor, 100,000g, 4 °C, 30 min). 20-µl aliquots were carefully taken from the top of the gradient and analyzed by western blotting with antibody against synaptotagmin-1 (Synaptic Systems, monoclonal antibody, clone 41.1; validation is available on the manufacturer's website).
Fluorescence cross-correlation spectroscopy (FCCS).
The tethering (docking) experiment was executed with FCCS, as previously described 47, 69 . FCCS discriminates free or docked liposomes as liposomes pass through the focal volume (0.3 fL) of a dual-color confocal fluorescence microscope. Simultaneous dual detection of fluorescence bursts observed in the focal volume corresponds to docking of liposomes, the signals of which are then said to be cross-correlated. FCCS for tethering (docking) assay determines the tethering percentage between two particles labeled with different fluorescent dyes 47 .
Mathematical model. For screening of negatively charged PIP 2 by divalent cations, the probabilities or fractions of the screened PIP 2 and of the free PIP 2 are described by the Poisson-Boltzmann-type 70, 71 . The electric potential energy of a PIP 2 molecule depends on both the distance from and the valence of countercations. Upon screening, the mean distance between the screened PIP 2 and cation should be decreased, and, accordingly, the electric potential energy ε P of a screened PIP 2 becomes lower than the energy ε f of a free PIP 2 . For simplicity, ε f is taken to be zero (ε P < ε f ≡ 0) because what matters is only the energy difference between ε P and ε f . The fractions P P and P f of the screened PIP 2 and of the free PIP 2 , respectively, are thus given by , is a normalization factor that ensures that P P + P f = 1.
Those fractions can be written in the form of a simple Hill-type equation, which is widely used for biochemical reactions 72 . The resulting fractions P P and P f depend on the cation concentration and are illustrated in Supplementary  Figure 7d . The result provides the range of cation concentrations that screen PIP 2 . Millimolar concentrations of divalent cations turn out to be effective when we use the parameters obtained from fitting of the experimental data (Figs. 1d  and 2c,d) of the C2AB-Ca 2+ binding and of the Ca 2+ -mediated C2AB-PIP 2 binding, respectively. By combining equations (3) and (4), the fraction of PIP 2 -bound C2AB can be described as a function of the cation concentration C X (X = M or C): (Fig. 2c) . For simplicity, fluorescence anisotropy y is assumed to be proportional to the bound fraction F b of C2AB domains, i.e., y = a C F b with an appropriate constant a C . This relationship, together with equation (5) for C X = C C , allows us to fit the experimental data ( Fig. 2c) : with the maximum effective Ca 2+ concentration κ displaying saturation, owing to the limited numbers of coordination counterparts. Here, λ measures the characteristic Ca 2+ concentration at which the effective concentration reaches half the maximum, i.e., C C C e C ( ) ( ) / = = l k 2 , and the exponent n of Ca 2+ cooperativity is determined from the biological experiment in ref. 73 . The fitting of our experimental data with equation (6) is quite satisfactory for both the increase of PIP 2 -C2AB complex as mediated by Ca 2+ and its decrease due to PIP 2 screening by Ca 2+ . The parameters obtained from the fitting are listed in Supplementary Table 1 .
Furthermore, the PIP 2 screening model successfully describes PIP 2 -C2AB trans binding (Fig. 1d) at different Mg 2+ concentrations. For this fitting, we have used the parameters in Supplementary Table 1 .
The model has also been extended to the system of PS-mediated cis binding (Fig. 2d) . Similarly to PIP 2-mediated trans binding, C2AB binding (% max) in concentration µ and the characteristic Ca 2+ concentration v corresponding to the half-maximal effective concentration. Equation (7) could fit the nonmonotonic behavior of the cis binding between PS and C2AB domains (line in Fig. 2d ).
Statistical analysis. The statistical difference between two groups was evaluated by Student's t test. Probabilities of P ≤ 0.05 (*) were considered significant.
